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Afar riftDespite the importance of continental breakup in plate tectonics, precisely how extensional processes such as
brittle faulting, ductile plate stretching, and magma intrusion evolve in space and time during the develop-
ment of new ocean basins remains poorly understood. The rifting of Arabia from Africa in the Afar depression
is an ideal natural laboratory to address this problem since the region exposes subaerially the tectonically ac-
tive transition from continental rifting to incipient seafloor spreading. We review recent constraints on
along-axis variations in rift morphology, crustal and mantle structure, the distribution and style of ongoing
faulting, subsurface magmatism and surface volcanism in the Red Sea rift of Afar to understand processes ul-
timately responsible for the formation of magmatic rifted continental margins. Our synthesis shows that
there is a fundamental change in rift morphology from central Afar northward into the Danakil depression,
spatially coincident with marked thinning of the crust, an increase in the volume of young basalt flows,
and subsidence of the land towards and below sea-level. The variations can be attributed to a northward in-
crease in proportion of extension by ductile plate stretching at the expense of magma intrusion. This is likely
in response to a longer history of localised heating and weakening in a narrower rift. Thus, although magma
intrusion accommodates strain for a protracted period during rift development, the final stages of breakup
are dominated by a phase of plate stretching with a shift from intrusive to extrusive magmatism. This
late-stage pulse of decompression melting due to plate thinning may be responsible for the formation of sea-
ward dipping reflector sequences of basalts and sediments, which are ubiquitous at magmatic rifted margins
worldwide.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Rifting and breakup of the continents can occur by extensional
faulting, as well as by ductile stretching and thinning of the continental
lithosphere (e.g., McKenzie, 1978). Thinning of the lithosphere results
in adiabatic decompression of the underlying asthenosphere, which
can result in the production of large volumes of molten rock if the rate
and extent of thinning are sufficiently high and if the thermo-
chemical state of the mantle is conducive to it (Bown and White,
1995; Shillington et al., 2009; White and McKenzie, 1989). Intrusion
of melt into the lithosphere can also achieve extension,withoutmarked
plate thinning (e.g., Mackenzie et al., 2005; Thybo and Nielsen, 2009),
but with important implications for the thermal structure and strength
of the extending plate (e.g., Bialas et al., 2010; Ebinger, 2005). The
breakup of continents therefore occurs by the interplay betweening, Imperial College, London,
rights reserved.structural and rheological changes to the lithosphere due tomechanical
deformation, heating, and magmatism.
Once a continent has successfully broken apart and seafloor
spreading has commenced along a new mid-ocean ridge, the archi-
tecture of the once-active continental rift remains frozen beneath
the conjugate passive continental margins. Study of passive margin
geology, combined with wide-angle seismic imaging of crustal struc-
tures and rift stratigraphy provided a primary framework from which
to infer the extensional mechanisms and mantle conditions that
characterised breakup (e.g., White, 1988; White et al., 2008;
Whitmarsh et al., 2001). However, it is difficult to interpret the geo-
logical record unambiguously because the tectonic activity that
characterised breakup has long-since ceased and the continent–
ocean transition (COT) is sometimes masked by up to several
kilometres of late-to-syn rift interbedded basalt flows and sediments
(often evaporites). These so-called seaward-dipping reflector se-
quences reflect back a large proportion of the seismic energy used to
image beneath them in controlled-source experiments (Maresh and
White, 2005; Mutter, 1985; Mutter et al., 1982; White et al., 2008).
Tectonically active continental rifts and recently developed
mid-ocean ridges provide snapshots of rift development. Study of the
rift system in Ethiopia is particularly useful because it exposes
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ment from immature continental rifting in the East African rift to incip-
ient oceanic spreading in the Red Sea and Gulf of Aden (e.g., Barberi et
al., 1972; Ebinger, 2005; Hayward and Ebinger, 1996; Makris and
Ginzburg, 1987; Mohr, 1967) (Fig. 1). It therefore provides a unique
opportunity to develop an understanding of the evolution from me-
chanical continental rifting to magmatic extension inmid-ocean ridges.
Herewe synthesise constraints from the southern Red Sea rift in Afar on
along-rift variations in crustal structure, style of surface volcanism,
shallowmagmatic plumbing, surface morphology, and active deforma-
tion constrained by seismicity and geodesy. These constraints provide
fundamental information on the spatial and temporal evolution of
deformation and magma-supply during the late-stages of continental
breakup.Fig. 1. Tectonic setting of the Afar depression (modified after Keir et al., 2011b). Solid black l
African rifts. Red segments show the Quaternary–Recent subaerial rift axes, and green trian
(TGD). The Danakil microplate is shaded yellow. Gray circles show large earthquakes during
Earthquake focal mechanisms are from the Global Centroid Moment Tensor (CMT) catalogu
relative to a fixed Nubian plate (ArRajehi et al., 2010). Bottom right inset: zoom of Oligocen
with arrows showing motion of the Danakil microplate (McClusky et al., 2010).2. Tectonic background
2.1. Rifting
2.1.1. Rift initiation
Afar marks a triple junction between the Nubian, Somalian, and
Arabian plates, which are diverging due to extension in the Red Sea,
Gulf of Aden and East African rifts (e.g., Beyene and Abdelsalam,
2005; Ghebreab, 1998; McKenzie et al., 1970; Mohr, 1970; Tazieff et
al., 1972) (Fig. 1). The excellent fit of the southern coast of Arabia
into the Horn of Africa was amongst the earliest case studies used
to substantiate plate tectonic theory (e.g., McKenzie et al., 1970). Bor-
der faults on the SE and SW flanks of the Afar depression mark the
abrupt transition from rift valley floor to the 2–3 km high Ethiopianines show Oligocene–Miocene border faults of the Red Sea, Gulf of Aden Aden, and East
gles show Holocene volcanoes. Dashed lines show the Tendaho–Goba'ad Discontinuity
1973–2012 sourced from the National Earthquake Information Centre (NEIC) catalog.
e. Top left inset: topography of NE Africa and Arabia. Gray arrows show plate motions
e–Miocene border faults (black) and Quaternary‐Recent subaerial rift axes (red lines)
100 D. Keir et al. / Tectonophysics 607 (2013) 98–114and Southeastern plateaus. The conjugate rift flanks are located
~350 km to the northeast defining the southern tip of Arabia in
Yemen (e.g., Bosworth et al., 2005) (Fig. 1). Geochronological con-
straints in Ethiopia suggest rifting began 29–31 Ma on the western
Afar margin (e.g., Ayalew et al., 2006; Wolfenden et al., 2005)
(Fig. 3), approximately coeval with ~35 Ma faulting along large por-
tions of the Gulf of Aden (Leroy et al., 2010) (Fig. 2).
The Tendaho–Goba'ad discontinuity (TGD) marks the transition
from approximately NE–SW oriented Red Sea/Gulf of Aden African–
Arabian rifting, to approximately E–W oriented Nubian–Somalian
extension in the Main Ethiopian Rift (MER) (e.g., Tesfaye et al.,
2003) (Figs. 1 and 2). South of the TGD in the East African Rift, MER
extension began on large-scale border faults. South of ∼7°N borderFig. 2. Simplified structural map of southern Afar and northern Main Ethiopian rift (modified
from 40Ar/39Ar dates on synrift volcanic rocks (Ayalew et al., 2006; Ukstins et al., 2002; Wolf
Quaternary–Recent faults along the rift axis. Red shapes showmajor Quaternary–Recent volcan
et al., 2004) and stars show Late Miocene volcanic centres (∼7 Ma) on the southern margin
junction.fault stratigraphy shows that faulting was well established by
∼18 Ma (Bonini et al., 2005; Ebinger et al., 1993; WoldeGabriel et
al., 1990). Between 7°N and 10°N, however, syn-rift growth of sedi-
mentary and volcanic sequences, constrained by fission track
thermochronology on exposed basement, indicates that rapid
growth of border faults may have started somewhat later, between
6 and 11 Ma (Abebe et al., 2010; Bonini et al., 2005; Ukstins et al.,
2002; Wolfenden et al., 2004) (Fig. 2). Irrespective of the timing of
rift initiation in the MER, the basic observation of NE–NNE striking
normal faults of the MER cutting across NW–NNW striking faults in
southern Afar suggests extension in the northern MER postdates
extension from initial opening of the southern Red Sea and Gulf of
Aden (Tesfaye et al., 2003) (Fig. 2).after Keir et al., 2011b). Annotated dates showing the age of the onset of rifting estimated
enden et al., 2004, 2005). Thin gray lines are Pliocene age faults, and thin black lines are
ic centres. The light red shaded region is LateMiocene basaltflows (∼7–8 Ma) (Wolfenden
of Afar (Chernet et al., 1998). Top left inset shows the position of Fig. 1 in the Afar triple
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The shorter and simpler history of extension in the MER provides
insights into localisation of strain during the Oligocene–Early
Miocene evolution of Afar. Since the Quaternary, the principal locus
of strain in the MER has shifted from border faults to ∼30 km-wide,
∼60 km-long en-echelon axial magmatic segments (Figs. 1 and 2).
These encapsulate active volcanoes (Biggs et al., 2011), aligned
monogenetic cones (e.g., Ebinger and Casey, 2001; Mazzarini, 2008;
Williams et al., 2004), and small-offset faults striking perpendicular
to the direction of extension (Fig. 2) (e.g., Agostini et al., 2011a,b;
Corti, 2008, 2009; Hayward and Ebinger, 1996; Keir et al., 2011a). In
the MER, gravity and seismic imaging show that magmatic segments
are underlain by dense, high seismic velocity material, interpreted as
cooled gabbroic intrusions (e.g., Beutel et al., 2010; Cornwell et al.,
2006; Keranen et al., 2004; Mackenzie et al., 2005; Maguire et al.,
2006). Since the voluminous intrusions into the mid-upper crust ap-
pear largely restricted to beneath the Quaternary–Recent magmatic
segments, it is likely that magma intrusion has only dominated exten-
sion during the past ~2 Ma (Daly et al., 2008; Keranen et al., 2004).
A similar transition from mechanical to magmatic extension to
that observed in the MER occurred during Miocene times in the Red
Sea rift system in Afar. The synrift volcanic geology of the western
Afar margin shows that during the period 25–7 Ma, extension and
volcanism in the southern Red Sea rift migrated 40–50 km westward
of the main border fault; the morphology and spatial extent of lava
flows suggest that intrusion and volcanism localised to narrow mag-
matic segments akin to those that are currently active in the MER
(Ayalew et al., 2006; Wolfenden et al., 2005) (Fig. 2). Over time, the
locus of extension and magmatism has migrated eastwards overall
in the Red Sea rift system (Ayalew et al., 2006; Wolfenden et al.,
2005), leaving a suite of near surface volcanic rocks that young to-
wards the Quaternary–Recent axial magmatic segments where
faulting and magmatism is now localised (e.g., Barberi and Varet,
1977; Manighetti et al., 2001) (Fig. 1).
2.1.3. Current plate motions
Kinematic models constrained by GPS data suggest 6–8 mm/yr of
∼N100°E directed opening in the central and northern MER (Fig. 1)
(e.g., Fernandes et al., 2004; Jestin et al., 1994; Stamps et al., 2008).
Similar models suggest ∼15 mm/yr of ∼N35°E directed opening
across the western Gulf of Aden rift (e.g., Jestin et al., 1994). Current
opening across the kinematically complex southern Red Sea rift is
well constrained with a relatively high density of GPS measurements
(e.g., ArRajehi et al., 2010; McClusky et al., 2010). These data show
that south of ∼16°N, the rift bifurcates into two branches: the main
Red Sea and the subaerial Red Sea rift in Afar (Danakil depression)
(Figs. 1 and 3). Partitioning of extension between rift branches varies
along strike. North of ∼16°, all the extension is accommodated in the
main Red Sea rift, spreading at ∼15 mm/yr. Moving south of 16°N, the
extension is progressively accommodated in the Afar depression
reaching ~20 mm/yr at ~13°N (McClusky et al., 2010; Vigny et al.,
2006) (Figs. 1 and 3). When viewed in light of spreading rates ob-
served in the ocean basins, the rates of extension observed in Afar
would place it in the ultra-slow to slow category typically resulting
in low-moderate volumes of magma production (e.g., Dick et al.,
2003; Phipps-Morgan and Chen, 1993). In this paper we discuss the
importance of both elevated mantle temperature combined with var-
iable rates of thinning the continental lithosphere as being responsi-
ble for large volumes of magmatism during extension in Ethiopia.
2.2. The Ethiopian mantle
2.2.1. Physical state of the Ethiopian mantle: evidence from the geological
record
The ~2 km thick sequences of flood basalts and rhyolites that
erupted onto the Ethiopian plateau (e.g., Baker et al., 1996; Hofmannet al., 1997) prior to or concomitant with the 29–31 Ma onset
of extension in the Red Sea and Gulf of Aden rift systems
(e.g., Wolfenden et al., 2004), have frequently been cited as evidence
for one ormore traditional mantle plumes beneath the region. The loca-
tion and number of plumes or upper mantle convective cells are de-
bated, however (e.g., Beccaluva et al., 2009; Burke, 1996; Courtillot
et al., 1999; Ebinger and Sleep, 1998; Furman et al., 2006; George
et al., 1998; Kieffer et al., 2004; Rogers, 2006; Rogers et al., 2000;
Rooney et al., 2012a,b; Schilling et al., 1992). Ebinger and Sleep
(1998), for example, suggested that one large plume spread beneath
the African Plate near Turkana at ~45 Ma, with melt productionmin-
imal until lithospheric thinning commenced in the Red Sea and Gulf
of Aden. Zones of thinned lithosphere then channeled buoyant as-
thenosphere up to ~1000 km laterally to the evolving African–Arabian
rift system in the Horn of Africa. George et al. (1998) and Rogers et al.
(2000), on the other hand, cited petrological differences between Afar
and Kenyan lavas as evidence that two Cenozoic plumes may have
existed, one rising and dispersing beneath southern Ethiopia ~45 Ma
and the other rising beneath the Afar depression.
Most recently, Rooney et al. (2012a) present mantle Tp estimates
for 53 primitive magmas from throughout Ethiopia. They showed
that mantle potential temperature anomalies currently peak in Dji-
bouti, at 140 °C above ambient mantle. Slightly hotter (+170 °C)
conditions characterised the ~30 Ma formation of the Ethiopian
traps.
2.2.2. Evidence from broadband seismology
In recent years, major geoscientific experiments in Ethiopia
such as the Ethiopia–Kenya Broadband Seismic Experiment
(EKBSE; e.g., Benoit et al., 2006) and the Ethiopia Afar Geoscientific
Lithospheric Experiment (EAGLE; e.g., Bastow et al., 2011) have fa-
cilitated increasingly high resolution imaging of the Ethiopian
mantle. Seismic tomographic studies on the global-to-regional
scale, however, have revealed a broad (~500 km-wide) ~3% slow
shear wave-speed anomaly that originates at the core–mantle
boundary beneath southern Africa and extends toward the base of
the lithosphere somewhere beneath Ethiopia (e.g., Grand, 2002;
Li et al., 2008; Ritsema and Allen, 2003; Ritsema et al., 2010;
Simmons et al., 2007): the African superplume (Figs. 4 and 5).
These global-scale models have subsequently been used in
geodynamic models that successfully predict the amplitude and
wavelength of plateau uplift in the region (e.g., Daradich et al.,
2003; Forte et al., 2010; Moucha and Forte, 2011), consistent with
evidence from U–Th/He thermochronometry data that indicate
broad-scale plateau uplift began in the interval 20–30 Ma (Pik et
al., 2003).
The seismic discontinuities nominally found at depths of 410 km
and 660 km due to the olivine-to-wadsleyite and ringwoodite-
to-perovskite+magnesiowustite phase transitions in the olivine
system will vary in depth dependent on temperature (e.g., Bina
and Wood, 1987; Helffrich, 2000). In the case of Ethiopia, transition
zone thickness, determined by receiver function analysis, shows ev-
idence for thinning compared to the global mean; Cornwell et al.
(2011) cited this as evidence for high temperatures at transition
zone depths, and thus connectivity between shallow low velocities
imaged tomographically in Ethiopia (e.g., Bastow et al., 2008;
Benoit et al., 2006; Debayle et al., 2001; Hansen et al., 2012;
Pasyanos and Nyblade, 2007) and the superplume in the lower
mantle beneath.
Uppermost mantle Pn velocities from wide-angle seismic (e.g.,
Berckhemer et al., 1975; Makris and Ginzburg, 1987) and local earth-
quake data (Stork et al., in review) are as low as 7.2 km/s beneath
Afar — markedly low compared to the global mean and compared to
extensional settings with similar rates of opening (Fig. 6). These low
Pn velocities are consistent with the presence of 3% partial melt in
the upper mantle (Stork et al., in review).
Fig. 3. Topography of Afar with major grabens and volcanic centres labelled. Plate motion vectors for the Danakil microplate relative to Nubia are fromMcClusky et al. (2010). Upper
right panel shows samples of topography on profiles A–A′ in the Danakil depression and B–B′ across central Afar.
102 D. Keir et al. / Tectonophysics 607 (2013) 98–114Measurements of seismic anisotropy in Ethiopia provide constraints
on lithospheric deformation processes and flow in the underlying as-
thenosphere. In the MER, high-density splitting analysis of SKS phases
in tandem with surface-wave studies is sensitive to a ~20° change in
orientation of strain fabrics from N30–40°E at the rift margins to
N10°E along the rift axis. This change is interpreted as caused by the
localisation of magma intrusion through the whole lithosphere toward
the rift axis ~2 Ma (Bastow et al., 2010; Kendall et al., 2005, 2006). NE of
the TGD in the Red Sea and Gulf of Aden rifts in Afar, Gao et al. (2010)
use the backazimuthal variations in SKS splitting to show rift parallel
anisotropy throughout the lithosphere. They interpret this as strain re-
lated structures such asmagmatic intrusions, a similar interpretation as
by Kendall et al. (2005, 2006) and Bastow et al. (2010) in the MER.
Below the lithosphere, anisotropic fast directions parallel the N30–
40°E trend of the African Superplume and aremost sensibly interpreted
as related to alignment of olivine in the asthenosphere induced by
subhorizontal flow (e.g., Bastow et al., 2010; Gao et al., 2010; Kendall
et al., 2006; Obrebski et al., 2010).2.2.3. Implications for the thermochemical state of the Ethiopian mantle
The consensus emerging from recent studies in Ethiopia is that it is
underlain by a broad low velocity anomaly, not a traditional narrow
mantle plume (e.g., Bastow et al., 2008; Benoit et al., 2006; Cornwell
et al., 2011; Hansen et al., 2012; Ritsema et al., 2010) (Fig. 5). More
difficult to constrain, however, is the extent to which low velocities
are due to elevated mantle potential temperature, shallow melt due
to extension-derived decompression melt, or an anomalously fertile
mantle. The petrological constraints on Tp presented by Rooney et
al. (2012a) show that anomalies peaked at +170 °C during the
30 Ma flood basalt event, and since have fallen slightly to +140 °C.
These temperatures plot towards the low end of the global tempera-
ture range of large igneous provinces, despite the fact that mantle
wave-speeds beneath Ethiopia are likely amongst the slowest on
Earth (e.g., Bastow and Keir, 2011) (Fig. 4). Mantle seismic wave-
speed anomalies beneath Ethiopia cannot, therefore, be attributed en-
tirely to the effects of elevated temperature. Rooney et al. (2012a)
thus proposed that CO2 assisted melt production likely contributes
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Fig. 4. Above: locations of permanent seismograph stations for which mean upper-410 km S-wave velocity anomalies are presented (below). Stations are part of permanent net-
works including Geoscope and GSN. Bottom: histogram of mean shear wave velocity anomalies through the upper 410 km of the global tomographic model of Ritsema et al. (2010).
Early arrivals, indicative of fast mantle seismic wave speeds are positive anomalies; late arrivals, indicative of slow mantle seismic wave speeds are negative anomalies. Station AAE
in Ethiopia is characterised by the slowest upper mantle wave speeds on Earth.
Modified after Bastow (2012).
103D. Keir et al. / Tectonophysics 607 (2013) 98–114to the low seismic wave-speeds of the region at depth, with decom-
pression melting due to rifting a major contributing factor in the as-
thenosphere. The observed ~140 °C thermal anomaly is, however, in
the presence of plate thinning, very much of the order capable of pro-
ducing a large igneous province (100–200 °C: White and McKenzie,
1989), as was observed in Ethiopia ~30 Ma.
3. Along-rift variations in the southern Red Sea rift of Afar
The geology of the southern Red Sea margin suggests that by
20–25 Ma, strain had shifted to narrow rift axial zones characterised
by basaltic fissural eruptions and faults with metre-scale offsets(Wolfenden et al., 2005) (Fig. 2). The progression and relative timing
of rift initiation on border faults to a narrow zone of magma intrusion
are remarkably similar to that observed in the youngerMER. This points
towards a generic evolutionary model in which faulting and plate
stretching are replaced as the primary locus of extension bymagma in-
trusion relatively early (prior to an extension factor of 2) during rift evo-
lution. Herewe synthesise Pliocene–Recent (b5.2 Ma) developments in
structural morphology and deformation of the southern Red Sea rift in
Afar and discuss the relationship between plate stretching and resultant
thinning, production ofmagma in the asthenosphere, andmagma intru-
sion. In particular, we draw attention to consistent indicators of a dra-
matic change in style of rifting from the Manda–Harraro rift (MHR)
Fig. 5. Whole-mantle cross-sections centred on east Africa for the global S-wave tomographic model S40RTS. Shear-velocity perturbations are between −1.5% and +1.5%.
Modified after Ritsema et al. (2010).
104 D. Keir et al. / Tectonophysics 607 (2013) 98–114and Tendaho Graben (TG) into the Danakil depression of northernmost
Afar (Figs. 1 and 3).
3.1. Crustal structure
The structure and composition of the crust beneath Afar have
been the subject of much debate during the last ~35 years (e.g.,
Berckhemer et al., 1975; Hammond et al., 2011; Makris and
Ginzburg, 1987; Mohr, 1970, 1989). Discussion has often focussed
on whether the crust is completely new oceanic crust, or whether
it is stretched and thinned continental crust, heavily intruded byFig. 6. Variation in Pn velocity at major continental rifts and ridges worldwide com-
pared to PREM (Dziewonski and Anderson, 1981). Regions of extension above mantle
thermal anomalies (e.g., East Africa and Ethiopia: Prodehl et al., 1997) have lower Pn
velocities than settings at similar extension rates, but which lie above "normal" mantle
(e.g., Baikal: Thybo and Nielsen, 2009; Mid Atlantic Ridge: Dziak et al., 2004). Lower
velocities are observed at the East Pacific Rise (EPR) because it is a region of high
melt production due to fast spreading (e.g., Dunn and Toomey, 1997).magma (transitional crust). Constraints on crustal structure primar-
ily come from wide-angle seismic studies (Berckhemer et al., 1975;
Maguire et al., 2006; Makris and Ginzburg, 1987; Prodehl et al.,
1997), teleseismic receiver function studies (Ayele et al., 2004;
Dugda et al., 2005; Hammond et al., 2011; Stuart et al., 2006), and
from gravity analysis (Redfield et al., 2003; Tessema and Antoine,
2004; Tiberi et al., 2005). Results achieved using these different
methods are broadly consistent (e.g., Fishwick and Bastow, 2011).
The crust in Ethiopia is thickest beneath the Ethiopian Plateau
(40–45 km); it is ~35 km thick beneath the Southeastern Plateau. The
crust thins abruptly to 15–30 km into Afar (Fig. 7) (e.g., Maguire et al.,
2006; Stuart et al., 2006). The crust throughout Ethiopia has a consis-
tent, unbroken layering with lower crust of Vp=6.7–7.0 km/s, an
upper crust of Vp=6.0–6.3 km/s, and cover rocks of lava flows and sed-
iments of Vp=2.2–4.5 km/s (Makris and Ginzburg, 1987; Prodehl and
Mechie, 1991). The cover rocks are generally thickest where the crust
is thinnest suggesting a strong link between crustal thinning, rift valley
subsidence and resultant accumulation of basin infill. The seismic veloc-
ity structure of Afar crust contrasts that observed in the submarine
ocean ridges in the Red Sea and Gulf of Aden where the crust is less
than ~10 km-thick and displays a different internal architecture seismi-
cally (Prodehl and Mechie, 1991). The crust beneath Afar is considered
to be variably stretched and intruded continental crust, and not yet oce-
anic in nature (Makris and Ginzburg, 1987).
In central Afar, the crust is 20–25 km thick beneath the current
locus of volcanism and strain in the MHR and TG (Fig. 7). The crust
is of similar thickness in a ~40 km-wide strip near the western Afar
margin (Hammond et al., 2011), where extension is inferred to
have localised in Miocene times during the development of the
southern Red Sea rift (Dahla basalts) (Wolfenden et al., 2005
(Fig. 2). The regions of crustal thinning in the present and past loci of
strain are separated by 30 km thick crust, as it also is beneath theDanakil
microplate (Hammond et al., 2011; Makris and Ginzburg, 1987). The
spatial variation in crustal thickness across central Afar is broadly consis-
tent with that expected from a progressive northeast migration of strain
in the vicinity of a northeastward migrating triple junction, but with
strain re-localisation occurring in abrupt rift jumps rather than as a con-
tinuous migration (Hammond et al., 2011; Wolfenden et al., 2005).
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Afar occurs north of ~13°N, where the crust thins from 20 to 25 km
in the MHR and adjacent regions to ~15 km beneath the Danakil de-
pression surrounding the Erta Ale volcanic range (Hammond et al.,
2011; Makris and Ginzburg, 1987) (Fig. 7). The change in crustal
thickness along-rift from south to north is primarily accounted for
by markedly thinned lower crust, though the upper-crust is also ap-
preciably thinner (Makris and Ginzburg, 1987). The Danakil basin is
also characterised by the thickest sedimentary basins in Afar: ~5 km
as opposed to 2–3 km elsewhere. These spatial variations in crustal
thickness in Ethiopia correlate well with variations in effective elastic
plate thickness (Te), with strongest plate (Te≈60 km) beneath the
plateaus, and weakest plate (Te≈6 km) beneath the Danakil depres-
sion (Ebinger and Hayward, 1996; Pérez-Gussinyé et al., 2009). Both
crustal thickness and plate strength also correlate with variations in
seismogenic layer thickness, which is 25–30 km beneath the Ethiopi-
an plateau (Keir et al., 2009a) and ~5 km beneath the Danakil depres-
sion (Craig et al., 2011).
In addition to crustal thickness, receiver function studies constrain
bulk crustal Vp/Vs ratios. In general, the plateaus have Vp/Vs of 1.7–1.9,
whereas localised regions of thicker (~30 km-thick) crust within
Afar have Vp/Vs of 1.8–1.9 (Dugda et al., 2005; Hammond et al.,
2011). Vp/Vs≤1.85 can be explained compositionally, but observa-
tions of Vp/Vs>1.85 strongly suggest present-day melt. Near the
active Quaternary–Recent magmatic segment and beneath the Mio-
cene Dahla basalts, where crustal thickness is b30 km, Vp/Vs is
high at 1.9–2.1 — also strong evidence for partial melt in the crust
(Dugda et al., 2005; Hammond et al., 2011).
Constraints on crustal structure in Afar also come from gravity and
magnetic studies, particularly from a 50 km-long, ~1 m station densi-
ty profile across the TG (Bridges et al., 2012). Here the magnetic data
show near symmetrical anomalies across the centre of the rift, with
the scale, shape and magnitude of the anomalies similar to that ob-
served in nearby seafloor spreading centres in the Gulf of Aden.
These data, together with the Bouguer gravity field are consistent
with symmetrical sheeted mafic dike complex intruded into the
upper ~10 km of the crust, and capped by 2–3 km-thick basin fill of
fissural basalts and sediments (Bridges et al., 2012).
3.2. Rift morphology, stratigraphy, and volcanic geology
The constraints on crustal thickness in Afar show that the most
significant variation along the subaerial Red Sea rift system occurs
across ~13°N, where the magmatic segments step to the right north-
ward into the Danakil depression (Fig. 7). The change in crustal thick-
ness also marks a significant along-rift change in the morphology,
character of basin-fill stratigraphy, and style of magmatism, which
in turn provides clues to extensional processes during continental
breakup.
3.2.1. Manda–Harraro rift and Tendaho graben
At the southernmost extent of the Red Sea rift, the MHR and TG
define a series of NNW–SSE striking, 30–60 km-wide, ~80 km-long
fault bound basins that include volcanoes that feed mainly rhyolitic
and basaltic lava flows (e.g., Acocella et al., 2008; Manighetti et al.,
2001) (Figs. 3 and 8). The basins are bound by flanks 200–300 m
higher than the lowest elevation of the basin floor, which is
300–500 m above sea-level (Figs. 3 and 8). A clear single border
fault is generally lacking, with faulting instead characterised by nu-
merous closely spaced relatively small-offset faults distributed across
the rift (e.g., Acocella, 2010; Manighetti et al., 2001; Rowland et al.,
2007). The basins are filled with 2–3 km of lacustrine and fluvial de-
posits as well as by Quaternary–Recent volcanic rocks (Acocella et al.,
2008), the distribution and age of which constrain basin evolution.
These data broadly show that faulting and volcanism have progres-
sively localised through the Quaternary to a ~10 km-wide centralaxis where the youngest (0–0.2 Ma old) fissural basalts crop out
(Acocella, 2010; Acocella et al., 2008; Lahitte et al., 2003a,b).
On a regional scale, the ~NNW trending MHR and TG are
50–150 km from the ~2 km elevation margin of western Afar, and
~200 km from the ~500 m elevation Danakil microplate on the east-
ern margin of Afar (Figs. 3 and 8). The MHR and TG are therefore rel-
atively narrow basins set within a 250–450 km wide Afar depression
that has experienced deformation during the last ~35 Ma from sepa-
ration of all plates forming the Afar triple junction. On the rift valley
floor west of the MHR and TG, N–NW trending fault networks and
volcanic systems related to Miocene extension in the southern Red
Sea rift have since been overprinted by NNE–NE striking features of
the East African rift (Tesfaye et al., 2003; Wolfenden et al., 2004)
(Fig. 2). Conversely, to the east of the MHR and TG, the Afar depres-
sion is characterised by a series of relatively narrow, non-volcanic
grabens, such as the Dobi, Hanle and Guma grabens, that transfer
strain from the southernmost Red Sea rift to the westernmost Gulf
of Aden in the Asal Ghoubet and Manda–Inikir rifts (Manighetti et
al., 1997; Souriot and Brun, 1992; Tapponnier et al., 1990; Tesfaye,
2005; Tesfaye et al., 2008) (Fig. 8). The position of the MHR and TG,
which is close to central Afar, requires the localisation of strain in
these rift sectors to be heavily influenced by the progressive NE mi-
gration of the Afar triple junction, an inference supported by geolog-
ical and geophysical indicators of NE migration of extension in the
southernmost Red Sea (e.g., Audin et al., 2004; Tesfaye et al., 2003;
Wolfenden et al., 2005). Migration of the locus of strain near central
Afar is exceptionally important when interpreting the evolution of
deformation, since crustal deformation mechanisms such as magma
intrusion and faulting are unlikely to be localised beneath any single
graben system for longer than a few million years. Over geological
time, this creates a wide swath of faulted and intruded continental
crust and a temporally protracted continent–ocean transition.
3.2.2. Danakil depression
The morphology of the Danakil depression of northern Afar differs
markedly to the MHR and TG. Here, the ~200 km-long basin is rela-
tively narrow (50–150 km-wide) and bound directly to the west by
a prominent border fault system forming ~3 km of relief at the west-
ern Afar margin (Figs. 3 and 8). To the east it is bound by a less prom-
inent series of faults forming a 500–1000 m elevation flank of the
Danakil microplate. Despite being on-land, the basin floor is generally
50–100 m below sea-level with near surface geology dominated by
the full suite of Pliocene–Recent marine evaporite deposits (e.g., cal-
cite, gypsum, halite, and sylvite), formed from complete evaporation
of seawater during repeated marine incursions as recently as ~30 ka
(e.g., Barberi and Varet, 1970; Bonatti et al., 1971; Hutchinson and
Engels, 1972; Talbot, 2008). The basin also contains non-marine
evaporites from on-going evaporation of seasonal terminal saline
lakes and the geothermal pools (Talbot, 2008). Plate reconstructions
suggest that the Danakil basin has been the locus of strain in northern
Afar since at least ~11 Ma, with the increased distance from complex
triple junction tectonics influencing central Afar resulting in a longer
history of localised extension (Eagles et al., 2004).
The Danakil depression is bisected by a linear, ~NNW-striking,
10–20 km wide axial volcanic range (Erta Ale range) which is the
locus of on-going volcanism and magmatism (Barberi and Varet,
1970; Pagli et al., 2012) (Figs. 3 and 8). Unlike elsewhere in Afar,
the axial range does not form a heavily faulted graben, but instead
forms an axial high composed of at least 4 volcanic centres (e.g. Tat
Ale, Erta Ale, Dallafilla, Gada Ale) that reach up to ~500 m above
sea-level (e.g., Barberi and Varet, 1970; Pagli et al., 2012; Thurmond
et al., 2006) (Fig. 3). The volcanic rocks are heavily dominated by
Quaternary–Recent a′a and pahoehoe basalt flows (Thurmond et al.,
2006), and these cover an order of magnitude more surface area
than similar age basalts elsewhere in Afar (Bastow and Keir, 2011)
(Fig. 7). Basalt flows are fed from a combination of ~NNW-striking
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Fig. 8. Topographic and structural map of the Afar depression modified after Manighetti et al. (2001). Major Pliocene–Recent faults are marked red. Recent basaltic lava flows are
shaded light purple. The inset delineates the major rift system forming the Afar triple junction. The subaerial Red Sea rift is included in areas A (Danakil depression) and B (Manda–
Harraro rift and Tendaha graben). The subaerial Aden rift is included in region C, and the northern Main Ethiopian rift is area D.
107D. Keir et al. / Tectonophysics 607 (2013) 98–114fissures and from edifices such as the nested calderas hosting Erta Ale
lava lake (e.g., Acocella, 2006; Oppenheimer and Francis, 1998). The
lava flows covering the range are mostly erupted at the rift axis and
flow away into the lower lying, evaporite-rich basin, creating a
basin stratigraphy of thinly interbedded basalts and evaporitesFig. 7. (a) Topography and bathymetry of the Horn of Africa showing constraints on crustal t
profile from Asaita in the south to Dallol in the north. The triangles are seismic stations w
functions (Dugda and Nyblade, 2006; Hammond et al., 2011; Stuart et al., 2006). Red shapes
in surface area of flows in the Danakil depression compared to elsewhere in Ethiopia. MHR
seismic moment release along the western margin of Afar, estimated from earthquakes on
active along the western margin of Afar. Second from top panel shows variation in Quat
Third from top and lower panels shows elevation and crustal thickness respectively. Se
(~13°N), which coincides with subsidence of the rift valley below sea level and a marked p
Modified after Bastow and Keir (2011).(Talbot, 2008). The basin infill is significantly thicker than elsewhere
in Afar, estimated from controlled source seismic data and limited
borehole data, to be up to ~5 km-thick (e.g., Makris and Ginzburg,
1987) of mostly Pliocene and younger age rocks (Hutchinson and
Engels, 1972).hickness in Afar. The solid black line X–X′ is the wide-angle seismic reflection/refraction
ith the colour coded according to the estimated crustal thickness from P-to-S receiver
are the surface exposure of Quaternary–Recent basalts and demonstrates the increase
is Manda–Harraro rift and D.D. is Danakil depression (b) Top panel shows cumulative
the NEIC catalog. The border faults of the Danakil depression are the most seismically
ernary–Recent basaltic volcanism exposed every 0.1° latitude along the profile X–X′.
ismic velocities are in km/s. Note the abrupt thinning of the crust in northern Afar
ulse in Quaternary–Recent volcanism.
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processes
The joint observation of active volcanic systems in Afar using rel-
atively dense, temporary seismic and GPS deployments, combined
with remote sensing techniques such as satellite radar interferometry
(InSAR) provides a valuable tool to investigate the sometimes rapid
processes responsible for sculpting the geology and surface morphol-
ogy of the rift. Here we discuss recent observations from the MHR
and the Erta Ale range, focussing on constraints they provide on
along-rift variations in style of magmatic plumbing systems and
crustal extension.
3.3.1. The 2005–2011 Dabbahu–Manda–Harraro rifting episode
During 2005, the emplacement of a ~60 km-long basalticmagma in-
trusion beneath the MHR marked the onset of the Dabbahu rifting epi-
sode (Ayele et al., 2007a;Wright et al., 2006), and provides rare insights
into the magma intrusion and faulting processes during continental
breakup. Occurrence of strong (Mw 3.6–5.6) seismicity suggests that
the initial intrusions likely occurred during a two-week-long time peri-
od of 20 September–4 October (e.g., Ayele et al., 2009). A minor erup-
tion of pumice and ash occurred on 26 September from the Da'Ure
vent near Dabbahu. Resorption of sanidine feldspar lathes in the pumice
indicates that their growth was interrupted by heating prior to erup-
tion, consistent with a minor silicic reservoir beneath Da'Ure being
reheated by the new basaltic intrusion, which triggered the eruption
(Ayele et al., 2009; Wright et al., 2006). Three dimensional displace-
ments measured using InSAR showed near symmetrical rift perpendic-
ular opening of up to 8 m, with the flanks of the rift uplifted by up to
2 m, and a 2–3 km wide graben subsiding by 2–3 m at the rift centre
(Ayele et al., 2007a; Grandin et al., 2009; Wright et al., 2006). Simple
elastic models showed that the deformation was consistent with em-
placement of 2.5 km3 sub-vertical dike, up to 10 m thick and intruded
into the upper 10 km of the crust. The dyke did not erupt at the surface,
but caused faults to slip by up to 3 m on networks of normal faults in the
shallow crust (Rowland et al., 2007). Despite the sometimes-spectacular
displacements observed at the surface, the dike-induced fault slip
accounted for less than 10% of the total deformation (e.g., GrandinFig. 9. 3Dmodel of the Alu–Dallafilla plumbing system constrained from geodetic observatio
contracted (deflated) from the removal of magma, a shallow dike that fed the basaltic fis
sub-sea-level sedimentary basin.et al., 2009; Wright et al., 2006). The temporal migration of seismicity
during the event suggests that the majority of the intrusion was fed
laterally from the Ado'Ale volcanic complex (AVC) located at the centre
of the segment (Ayele et al., 2009), with geodetic data suggesting that
the magma reservoir feeding the intrusion is ~10 km deep (e.g.,
Hamling et al., 2009).
From June 2006, the initial dike has been followed by a sequence of
13 smaller intrusions,with themost recent inMay2010 (e.g., Ebinger et
al., 2010; Wright et al., 2012). These dykes are typically 1–3 m thick,
10–15 km long, and have a cumulative volume of 1 km3 (Grandin et
al., 2010; Hamling et al., 2009). Seismicity data show that they were
all fed from the AVC and propagated at rates of 0.2–0.6 m/s (Belachew
et al., 2011; Grandin et al., 2011; Keir et al., 2009b). Aswas the case dur-
ing the September 2005 intrusion, dike-induced faulting accompanied
intrusion butmade a relativelyminor contribution to the total deforma-
tion. Three of the later dikes have reached the surface as basaltic fissural
eruptions (Ferguson et al., 2010). However, the total erupted volume is
a small fraction of that intruded into the crust (Ferguson et al., 2010). In
summary, the style of extension and magma plumbing beneath the
MHR with deformation dominated by episodic lateral dike intrusion
sourced from a relatively deep segment centred magma reservoir
(e.g., Ebinger et al., 2010; Grandin et al., 2010; Keir et al., 2009b;
Wright et al., 2006, 2012).
3.3.2. 2008–2010 basaltic eruptions in the Erta'Ale range
Recent episodes of deformation in the Erta Ale range captured by
satellite remote sensing system are markedly different to the Dabbahu
rifting episode: they instead demonstrate the dynamics of shallow
(~1 km-deep) magma storage systems in feeding a large basaltic erup-
tion (Fig. 9). Following the November 2008 basaltic eruption from a fis-
sure on Alu–Dallafilla, Pagli et al. (2012) demonstrated using analysis of
InSAR data, that the eruption was accompanied by up to ~1.9 m of sub-
sidence across a ~1 km-wide, ~10 km-long zone beneath the volcanic
system (Fig. 9). Modelling of these data showed that the lava was
sourced from a ~1 km-deep sill elongated parallel to the strike of the
volcanic range. The eruption occurred from a fissure above the eastern
flank of the sill, with the estimated erupted volume of 25.4×106 m3.
Importantly, only minor pre-eruption inflation of the shallow sill wasns during the November 2008 eruption. The model features an 1-km-deep axial sill that
sural eruption (black) that coats previous basalt flows and evaporite deposits in the
109D. Keir et al. / Tectonophysics 607 (2013) 98–114observed, suggesting thatmolten rockwas already stored in the shallow
undeforming sill.
Additional evidence for shallow magma storage in the Danakil de-
pression comes from recent studies at Erta Ale and Dallol volcanoes.
Volatile saturation pressures in lavas erupted during the Erta Ale lava
lake overspill in November 2010 are in the range of 7–42 MPa, indicat-
ing crystallisation of magma in a shallow (b1 km-deep) reservoir be-
neath the volcano (Field et al., 2012). At Erta Ale, the two active
craters sit within a ~3 km-long, ~1 km-wide, ~NNW elongate caldera
(Acocella, 2006), a geometry consistent with the caldera forming after
removal of magma from a shallow axial sill similar in shape and depthFig. 10. Summary cartoon of extensional processes in the southern Red Sea rift in Afarwith the f
front facing section of themiddle panel transects Alu–Dallafilla in theDanakil depression. The lo
of plate stretching in the Danakil depression of northernmost Afar. More plate stretching, couple
levels in the crust as axial sills and episodically erupting over the evaporites on the surface. Furth
by maintaining thicker plate. In the upper-crust, axial dikes are fed from segment centred, midto that at Alu–Dallafilla. In northernmostAfar,modelling of deformation
during October 2004 shows evidence that magma intruded into the rift
axis was sourced from a reservoir located 2 km beneath Dallol (Nobile
et al., 2012). These observations along the Erta Ale range provide strong
evidence that portions of the rift axis are underlain by relatively
long-lived shallow pockets of magma similar to the shallow axial sills
mainly found beneath intermediate- to fast-spreadingmid ocean ridges
(Pagli et al., 2012). The persistence of shallow axial magma chambers at
~1–2 km depth beneath the Erta Ale range may be explained by exces-
sive magma supply to the shallow crust and high frequency of
magma-chamber replenishment. The lack of vigorous hydrothermalront facing cross section in the top panel transecting theMandaHarraro rift fromA–A′. The
wer panel shows along-rift cross-section on profile B–B′highlighting the increase indegree
dwith increased decompressionmantlemelting results inmoremagma reaching shallow
er south in theDabbahu region,more extension is accommodated by dike intrusion there-
-crustal magma reservoirs.
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(Pagli et al., 2012).
4. Discussion
4.1. Links between extension, magmatism, and rift morphology
The subaerial southern Red Sea rift in Afar shows significant
along-rift variations in crustal thickness, elevation, rift morphology,
as well as styles of extension and magmatism. The 20–25 km thick
crust beneath the MHR and TG is around twice that predicted by
pure shear extension models (e.g., McKenzie, 1978) at the observed
extension factor of ~3 (e.g., Eagles et al., 2004; Redfield et al., 2003).
Around 50–60% of extension is thus likely accommodated by
magma intrusion (e.g. Mohr, 1989). In support of this model,
high-resolution magnetic and gravity surveys (Bridges et al., 2012)
reveal the presence of mafic dikes through the upper crust. Receiver
function evidence for elevated bulk-crustal Vp/Vs ratios (Dugda et
al., 2005; Hammond et al., 2011), and controlled-source seismic im-
aging of gabbroic intrusions (Maguire et al., 2006; Makris and
Ginzburg, 1987) provide evidence for magma intrusion into the
lower crust as well. Evidence for localised dike intrusion accommo-
dating significant crustal strain has important subsequent implica-
tions for basin morphology. Fault-slip in the MHR and TG, mainly
induced during dike intrusion episodes, creates a relatively narrow
graben defined by many long, but small offset normal faults
(Rowland et al., 2007; Rubin and Pollard, 1988) (Fig. 10). Both crustal
thinning and subsidence of the surface are reduced because of the in-
trusion of magma.
In the Danakil depression, the observations are markedly different
to the MHR and TG. The crust thins abruptly to ~15 km, coincident
with subsidence of the land towards and below sea level, and thick
sedimentary succession of Pliocene–Recent age ending in evaporites
(Figs. 7 and 10). Bastow and Keir (2011) cited these observations as
evidence for an abrupt, increase in the proportion of extension via
ductile stretching since Pliocene times (Fig. 10). They suggested that
protracted heating and weakening of the plate (Te reduces from
~9 km in the MHR to ~5 km into Danakil) from previous localised
magma intrusion were the reason for the change in extension
mechanism.
An increased proportion of mechanical extension at the expense of
magma intrusion, is predicted to be manifested as an increased
amount of faulting on basin bounding faults in the upper crust
(McKenzie, 1978). Both global (e.g., Hagos et al., 2006) and local seis-
micity catalogues (e.g., Ayele et al., 2007b; Keir et al., 2011a) show
the western Afar margin adjacent to the Danakil depression is more
seismically active than to the south (Figs. 1 and 7). This adds support
to the view that mechanical deformation via mechanical extension
(plate stretching and faulting) currently accounts for a higher propor-
tion of lithospheric strain in the Danakil depression than further
south in the MHR and TG, where dike intrusion dominates. In addi-
tion, the proximity of rift margin border faults to the volcanic axis
(in northern-most Afar in particular) may result in close interaction
between faulting near the rift margins and magmatic processes
nearer to the rift centre (e.g., Nobile et al., 2012; Ogubazghi et al.,
2004).
4.2. Implications for magma generation and the formation of seaward-
dipping reflector sequences
Constraining the phase of plate stretching and thinning to the last
5 Ma has significant implications for the expected volumes of decom-
pression mantle melting (Bastow and Keir, 2011). Larger volumes are
predicted during a phase of rapid thinning than during a gradual one
spanning the ~30 Ma since breakup began (e.g., Bown and White,
1995). Increased mantle melt volumes and the reduction of meltparticipating in extension by dyke intrusion, mean that larger melt
volumes can migrate into shallow magma reservoirs and extrude
the thinner and weaker plate (Bastow and Keir, 2011) (Fig. 10).
Melting may also be enhanced by stress-driven melt segregation
(e.g., Holtzman and Kendall, 2010), and/or small-scale convection
(Ligi et al., 2011) induced by steep gradients on the lithosphere–
asthenosphere boundary beneath the narrow rift.
The plate stretching hypothesis for the Danakil depression
presented by Bastow and Keir (2011) is consistent with the style of
magmatism observed at volcanoes such as Alu–Dalafilla and Erta Ale
(Figs. 7 and 10). Combined petrology and geodesy studies reveal shal-
low (~1–2 km deep) magma chambers beneath the topographically
prominent rift axis (Pagli et al., 2012) (Figs. 9 and 10). Silicic volca-
nism is rare, with the basalt-rich geology indicating that parental
magmas are stored for shorter periods in the crust prior to eruption
(e.g., Rooney et al., 2007, 2011). The relatively long-lived, shallow
pockets of magma beneath the Danakil rift axis are reminiscent of
the shallow axial sills found beneath intermediate-to-fast spreading
ocean ridges (Pagli et al., 2012). The ‘ultra-slow’ extension rates ob-
served in northern Afar would, alone, be incapable of producing
such observations. The late-stage plate thinning observed in Afar
(Bastow and Keir, 2011), above the hot underlying mantle (Rooney
et al., 2012a,b) is thus the most likely explanation for the observed in-
crease in magma supply to shallow reservoirs and consequent forma-
tion of an axial-high rift morphology.
The igneous geological record of the Danakil region is dominated
by Quaternary-to-Recent low viscosity basalts that often flow several
kilometres away from topographically prominent, heavily fissured
axial volcanic edifices such as Erta Ale and Alu–Dalafilla. They cover
younger basaltic flows and evaporite-rich sediments deposited adja-
cent to shield volcanoes that are progressively burying the heavily
stretched and intruded Afar crust beneath (Figs. 7 and 10). The Qua-
ternary geology of the Danakil region is similar to that which is often
inferred for the COT at magmatic rifted margins on the basis of seis-
mic data: highly reflective sequences, usually termed sea-ward dip-
ping reflectors (SDRs) reflect a large proportion of the controlled
source seismic energy used to image them back to the surface
(Maresh and White, 2005; Mutter, 1985; Mutter et al., 1982; White
et al., 2008). The along-rift variation in rifting processes in the sub-
aerial Red Sea rift in Afar suggests that an abrupt phase of plate
stretching just prior to the onset of seafloor spreading can induce
dramatic subsidence of a magmatic rift below sea-level (Bastow
and Keir, 2011). It can also prompt the development of large volume
of decompression melt in the mantle that are required to explain the
pulse in basaltic volcanism observed at magmatic margins. In the
north Atlantic for example, volumes of erupted lava increased by
an order of magnitude during a phase of lithospheric thinning lead-
ing to breakup at 56.1–55 Ma (Storey et al., 2007). These lavas are
mostly subaerial basalts forming the seaward dipping reflector se-
quences and interpreted to have formed during a ~1 Myr long
pulse in shallow decompression melting (Storey et al., 2007).4.3. Future research
The evidence from Ethiopia thus shows directly that changes in
the proportion of extension achieved by magma intrusion versus
plate stretching fundamentally control rates of decompression melt-
ing in the mantle, as well as volumes and style of volcanism observed
at the surface. (Fig. 10). The challenge now is thus to understand bet-
ter when and why faulting, stretching and magma intrusion evolve as
they do during the development of the continent–ocean transition.
Combining, these mechanisms of strain in new rifting models, rather
than isolating them, and appreciating how plate strength varies dur-
ing rifting are vital in developing a more complete understanding of
the geological record that documents continental breakup over time.
111D. Keir et al. / Tectonophysics 607 (2013) 98–114To achieve these aims we need improved quantitative constraints on
spatial and temporal variations in rates and mechanisms of lithospheric
deformation. In Afar for example, we currently lack detailed geodetic
constraints across the present day plate boundary zone, such geodesy
campaigns are routine in Iceland, for example (e.g., Arnadottir et al.,
2009; LaFemina et al., 2005). Also of fundamental importance to under-
standing rates of decompressionmelting andmargin subsidence are im-
proved constraints on the variation of lithospheric thickness over time
during the rifting to spreading process (e.g., Huismans and Beaumont,
2011). Ongoing petrological and geochemical studies aiming to under-
stand the evolution of Miocene–Recent magma from the asthenosphere
to the surface promise to quantify the melting regime during breakup.
5. Summary
We have combined geological, geodetic and geophysics constraints
on extensional processes in the Afar depression in order to understand
spatial and temporal variations in magma intrusion and ductile plate
stretching. Our synthesis shows that there is a fundamental change in
axial rift morphology from a narrow fault bound graben in central
Afar to a topographically prominent axial volcanic range in the Danakil
depression of northernmost Afar. The variation in morphology is spa-
tially coincident with marked thinning of the crust, an increase in
young basalt flows coupled with presence of exceptionally shallow
axial magma chambers, and subsidence of the land surface towards
and below sea-level. The variations can be attributed to a northward in-
crease in proportion of extension by ductile plate stretching at the ex-
pense of magma intrusion, most likely in response to a longer history
of localised heating and weakening. Our analysis implies that ductile
stretching of heavily intruded continental crust is a fundamental pro-
cess during the latest stages of continental breakup, with the increased
decompressionmelting and reduction inmagma intruded into the plate
resulting in large volumes of basalts reaching shallow levels in the crust
and erupting at the surface. The similarity in geology of northernmost
Afar to the thick sequences of basalt flows and evaporites common at
volcanic margins worldwide means that the processes active today in
the Danakil depression are a modern analogue for those responsible
for formation of seaward-dipping reflector sequences.
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